Investigation of the atomic scale topography and electronic structure of dopant sites in semiconductor materials is a promising application of scanning probe microscopies. Dopants have been imaged with scanning tunneling microscopy ͑STM͒ on and near the surface of conventional semiconductor materials as well as on layered compounds. On both kinds of materials, dopants are detected as either protrusions or depressions in the STM image. The comparison of the measured heights between the materials shows that the values on layered materials are considerably larger than those on the conventional ͑three-dimensional͒ semiconductors. We interpret this as the influence of dopant induced electrostatic forces between the tip and sample leading to a structural deformation of the surface around dopant atoms. In order to investigate the influence of electrostatic forces, we performed STM measurements on p-type MoS 2 at different bias voltages. The bias dependence of the images indicates the presence of electrostatic forces and demonstrates the influence of screening due to the surrounding electron density. Additional measurements with current imaging tunneling spectroscopy show that changes in the density of states at dopant sites plays only a minor role and cannot account for the large protrusions observed. Atomic force microscopy measurements, with an applied dc voltage between cantilever and sample, also confirm the role of electrostatic forces since voltage dependent changes in the topograpy were observed.
I. INTRODUCTION
Due to the progress in miniaturizing electronic circuits, the investigation of the local electronic properties of semiconductors has become an important field of research. Due to its very small probe size and its measurement principle scanning tunneling microscopy ͑STM͒ theoretically allows the direct measurement of the local electronic density of states and surface potentials induced by local charges. For example, single dopant atoms, defect sites or areas of different doping type, can be identified due to the height changes they induce in typical constant current images. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Additional measurements with scanning tunneling spectroscopy and current imaging tunneling spectroscopy ͑CITS͒ are capable of yielding information about the local density of states ͑LDOS͒. [11] [12] [13] [14] This article focuses on the mechanisms resulting in protrusions and hollows superimposed on the atomic lattice in STM images of semiconductor surfaces. These features are commonly related to dopant or defect sites representing a localized charge. On ''three-dimensional'' semiconductor materials, like GaAs or Si, these observed heights and depths are in the range of about 0.1 nm, suggesting a relationship to changes in the electronic structure. [4] [5] [6] [7] Hence, their appearence in the topograph images usually is related to a change in the occupied electronic density of states due to locally induced band bending or a change in the LDOS in the vicinity of the observed features.
The investigation of the surfaces of layered semiconductor materials yields similar dopant related features, only with tenfold larger height values in the nm range. These height changes cannot be explained solely by electronic effects because a 0.1 nm tip-sample distance change corresponds to a change of the occupied density of states of about one order of magnitude. This suggests that forces between the tip and sample very likely play an important role in the mechanism leading to the observed features. Earlier published results also suggest that forces between the tip and sample are responsible for many phenomena observed in STM investigations. Examples are etching phenomena observed on several layered materials, 15, 16 controlled structuring of samples on the nm scale, [17] [18] [19] [20] [21] or artifacts due to tip sample interaction. [22] [23] [24] The focus of this work is the investigation of the contribution of Coulomb forces to the imaging mechanism. In addition, we investigated the influence of electrostatic forces by atomic force microscopy with an applied bias voltage. Bias induced changes in topographs and force calibration curves suggest a significant influence of Coulomb forces. Additional measurements with CITS and STM also point towards topographic rather than electronic changes of the sample surface in the vicinity of local charges.
II. EXPERIMENT
All experiments were performed with commercially available Nanoscope III® STM/AFM equipment. Bias voltages reported are always with respect to the grounded tip/ cantilever. ͑1 M KOH; 35-40 V ac͒ tungsten wire. All atomic force microscopy ͑AFM͒ and STM experiments were carried out on a multimode base using tip view heads. In all AFM experiments, tapping mode cantilevers ͑Digital NanoProbe TESP-type, spring constant 20-100 nN/nm, material: silicon͒ were used. For the investigation of Coulomb forces, the sample stage was disconnected from ground and instead connected to a power supply allowing the application of a dc voltage to the sample. For protection of the sample and cantilever in case of point contact, a 1 M⍀ resistor was put in series into the bias circuit. The cantilever was grounded in all experiments. All presented images were only planefit, and in some cases, noise was eliminated by applying a low-pass filter. The CITS data presented was obtained with the following procedure: A full data set representing 64ϫ64 single spectra across the scanned area was taken during one full scan of the area. The data then were transferred into the data evaluation program IGOR ͑Wavemetrics, Lake Oswego, Oregon͒. Then, curves were selected on each of the different image areas of interest and dI/dV was calculated for each curve. Since the normalization to the tunneling gap resistance requires the division of the above differential by I/V, the low currents in the gap region of the spectra induce strong noise in the resulting (dI/dV)/(I/V) spectra because I is very close to zero. In order to circumvent this problem, we added a small constant of 1 nA to the positive bias side and Ϫ1 nA to the negative bias side of the spectra. We want to emphasize that the constants were only applied in the the normalization procedure and not in the dI/dV derivative. This resulted in the relatively noiseless spectra presented in this work. Experiments with larger added constants showed, that the band-edge positions basically remain at the same positions. The only changes inflicted on the resulting spectra is a moderate change in absolute intensities. A constant of 1 nA did not result in more than about a 5% change in intensities, an acceptable accuracy for this work. The force curves presented were calibrated using the slope of the contact region of the curves ͑negative part of the x axis͒. The cantilever deflection curves ͑in nanometers͒ were then multiplied by the spring constant of the cantilevers, yielding the applied force on the sample. The used value of 60 nN/nm represents the average of the minimum and maximum values stated by the manufacturer ͑20-100 nN/nm͒. The force and Z piezoaxes were shifted in such a way that the ͑0,0͒ coordinate represents the point where the cantilever would have touched the sample surface without any interaction. This point was obtained by determining the intersection between the horizontal part of the nonbiased curve ͑far-right side͒ and the contact area of the curve. Therefore, negative force values represent attracting forces while positive values indicate repulsive forces between the cantilever and sample.
The p-type MoS 2 single crystals were either grown by chemical vapor transport or were of natural origin. The gold coated Si sample was prepared by evaporating gold from a resistively heated crucible in a high vacuum chamber ͑10 Ϫ6 mbar base pressure͒ onto a Si substrate at room temperature. The MoS 2 samples were cleaved immediately before the STM experiment to obtain a clean surface.
III. RESULTS AND DISCUSSION
Imaging of layered semiconductors with STM often yields protrusions superimposed to the otherwise flat atomic lattice of the surface. These protrusions can be attributed to dopant sites, as has been shown on WSe 2 crystals by correlating dopant densities measured by Hall measurements with the protrusions counted per surface area of the crystals. 25 However, the strong bias dependence of the heights of dopant features observed in STM images suggests that a closer look into the tip-sample interaction forces is necessary. Figure 1 shows a series of three STM images taken of the same area (60ϫ60 nm 2 ) of a natural MoS 2 crystal at different negative tunneling biases. From the shape of I(V) curves taken on the sample, the scanned area was determined to be p doped ͑see below͒. The images at Ϫ500 and Ϫ1500 mV show protrusions of about 1.2 nm height while the same protrusions appear much smaller ͑about 0.2 nm͒ in the image at Ϫ70 mV. Moreover, one additional protrusion becomes visible in the upper parts of the higher bias images that is not noticeable in the Ϫ70 mV picture. Additionally, the image at Ϫ1500 mV shows multiple tip effects as revealed by the left pointing satelites to the four main protrusions. All these features point toward a bias dependent morphology change of the surface. It appears that the dopant sites are pulled up by the tip at higher biases while the ringlike appearance of the protrusions in the Ϫ70 mV image indicate that the tip is pressing on the surface instead of pulling. 3, 26 The appearance of the multiple tip features at Ϫ1500 mV indicates even stronger pulling up of the surface, resulting in a bending of the surface around the apex, allowing more than one tip end to become an active tunneling site. A tentative explanation of the observed effects is that the applied bias leads to a change of the surface potential of the sample. Therefore, the negative sample bias leads to a depletion of the surface leaving the dopant atoms ionized. An ionized dopant atom represents a localized charge on the order of one elemental charge, which induces an image charge in the tip. The attraction of the charge and image charge results in a relatively strong coulomb force, which exceeds the van der Waals forces between single sandwich layers of layered materials in this region of the sample. 27 These strong forces may explain the large protrusions, since the feedback loop of the microscope retracts the tip in order to maintain a constant tunneling current. In contrast, at low bias, the dopants are screened by free charge carriers resulting in weaker Coulomb forces and smaller or unobserved protrusions. If the sample bias is reversed, leading to an accumulation condition at the semiconductor surface, no protrusions were observed since the dopant atoms would be further screened by the large number of charge carriers, providing further evidence for our explanation.
To examine the contributions of LDOS changes to the observed effects, we performed CITS measurements on many samples. On all these samples, not many good CITS data sets were obtained simultaneously with good quality topographs. Figure 2 shows (dI/dV)/(I/V)-transformed CITS spectra and the corresponding topograph obtained on a synthetic MoS 2 crystal. From the p-type rectifying shape of the original I(V) curves ͑similar to the curves presented in Ref. 28͒, we determined the doping of the scanned area to be p type. It is remarkable that similar (dI/dV)/(I/V) spectra obtained on p-type GaAs by Feenstra et al. ͑which has a very similar band line up at the tip-sample interface͒ are shifted by about 1 eV to positive biases. 29 We tentatively relate this to different work functions of the tips used. Tungsten oxide (WO 3 ) has a considerably higher work function ͑5.8 eV͒ 30 than metallic tungsten ͑4.2-4.6 eV͒. 31 This might explain the 1 eV shift of our curves due to the higher negative voltage needed to tunnel from the conduction band into an oxidized tip. The image in Fig. 2 shows four basic kinds of features on the MoS 2 surface: plane areas, protrusions, shallow hollows, and deep hollows. The hollows and protrusions can be related to dopants ͑protrusions͒ and compensating dopants ͑hollows͒ located in different depths below the surface. 32 The CIT spectra, corresponding to the four basic features in the topograph, were transformed into (dI/dV)/(I/V) curves to determine the LDOS and compensate for bias induced tip-sample distance changes. Each spectrum shown represents the average of about ten single (dI/dV)/(I/V) spectra selected from the region of the respective sites. It is obvious that the spectra do not differ much in their shapes between the different areas. The rising parts of the curves on the left and the right represent the LDOS of the valence band and the conduction band, respectively. It is obvious that the valence-band LDOS varies within about 50% of the values measured on the plane areas while the conduction-band spectra do not vary at all. In order to explain the measured height changes in the nm range on dopant sites, a much higher LDOS diversion in the range of several magnitudes should have been detected between plane and dopant areas. Therefore, the assumption that changes in the LDOS at dopant sites cannot explain the measured heights is justified.
The major problem of STM investigations of Coulomb force related effects comes from the measurement process itself. Since the measurement basically results in the detection of a plane of constant LDOS, any change in the LDOS will also change the resulting image. Therefore, it is very difficult to sort out all involved effects and identify single contributions as tip-sample distance changes, band bending, or deviations in the LDOS. In order to overcome these problems, and to gain more insight into the Coulomb force contributions to the measurement process, additional AFM measurements are very valuable. The imaging process with AFM depends only on the forces between cantilever and sample, which are independent of variations in the LDOS. The measurement of topographic features with and without applied bias voltage, as it was accomplished in our experimental setup, allows more insight into the effect of Coulomb forces. Figure 3 shows two images obtained by tapping mode atomic force microscopy ͑TMAFM͒ with an applied bias on p-type MoS 2 . TMAFM proved to be much more sensitive to bias induced effects than regular AFM. This can be explained by the different imaging processes. Since, in TMAFM, changes of the amplitude of the cantilever vibration yield the height information, the cantilever is not in touch with the surface most of the time, making it very sensitive to force changes. In conventional contact mode AFM, the cantilever is touching the surface at all times. Therefore, additional attractive forces do not result in significant tipsample distance changes. Measurements in conventional noncontact mode, which monitors attractive forces with the tip usually within a van der Waals force distance range from the surface, were not successful since the additional bias usually resulted in disengagement of the cantilever. The TMAFM data shown in Fig. 3 represents the amplitude changes of the cantilever vibration. At 0 V bias, the 600ϫ600 nm 2 area appeared totally featureless and flat. The lower part of the image at Ϫ4.0 V shows the development of dopantlike structures. Then, at Ϫ6.0 V, the whole surface appears covered by these features having an average height of about 0.3 nm. From these measurements, we conclude that Coulomb forces play an important role in the imaging process of dopant sites.
In this context, we cannot rule out that, additionally, to the Coulomb forces, also capillary forces are involved, causing an amplification of the heights caused by the Coulomb attraction of the surface as described by Mamin et al. 33 for the case of highly ordered pyrolytic graphite ͑HOPG͒. However, we believe that this effect only weakly contributes since we never observed unusual heights of single atoms on MoS 2 as were found on HOPG in Ref. 33 . This indicates stronger interlayer van der Waals forces in the case of MoS 2 , which can be explained by the three times larger number of atoms per sandwich layer and their larger size. 34 The question remaining is whether the surface moves toward the cantilever or the cantilever moves towards the surface. From the data presented in Figs. 1 and 3 , it appears that the surface is drawn toward the cantilever and tip, not surprising since the single sandwich layers of the sample are only held together by relatively weak van der Waals forces. A good test of this conclusion is the investigation of a much more rigid surface. In Fig. 4 , TMAFM images obtained on a gold coated Si wafer at different biases are presented. The gold layer consists of small clusters, which are distributed randomly over the surface. The image at 0 V bias shows that the roughness of the surface is about 15 nm. After applying increasingly negative biases, the features first become less prominent ͑Ϫ3.0,Ϫ3.5 V͒, and finally disappear into noise ͑Ϫ4.0,Ϫ5.0 V͒. Note the different height scales for the images at higher biases. It is evident that smaller protrusions disappear first while larger ones, like the feature in the upper-right quadrant, are still visible at Ϫ4.0 V. This indicates, in the case of the rigid surface, the cantilever moves away from the surface in order to compensate for the additional bending imposed by the Coulomb force while the surface does not move. In contrast to that, in the case of layered materials as shown in Fig. 3 , the features appear when applying the bias. This implies that the surface follows the retracting cantilever ͑until the tension in the substrate becomes large enough to compensate for the acting Coulomb force͒. The difference in charges between dopant areas and the plane surface then accounts for the height contrast observed.
The magintude of the Coulomb forces can be determined by measuring force calibration curves under applied bias. In Fig. 5 several curves with and without bias are presented. The topmost curve represents the nonbiased case. This curve was used to offset the axes for correct ͑0,0͒ origin position ͑see experimental section͒. The curves lying below were taken at Ϫ2.0, Ϫ4.0, Ϫ6.0, Ϫ8.0, Ϫ10.0 and Ϫ15.0 V bias voltage. All curves were measured while retracting the cantilever from the surface. The nonbiased curve, therefore, yields the magnitude of attractive forces including capillary forces that have to be overcome to retract the cantilever from the surface. The determination of the magnitude of this force is accomplished by reading the force value from the curve right before the cantilever snaps back to its relaxed position. A value of about 650 nN is obtained as indicated by the dashed line. This allows an easy estimation of the additional Coulomb forces that act when bias is applied by determining the additional force it takes to retract the cantilever to its relaxed position. The results for the Coulomb forces are summarized in Table I . The second column shows the Coulomb forces as determined from A first-order approximation for the charge density on the cantilever apex and sample surface in the contact area can be obtained from the equation for plane capacitors. The relation between charge Q, bias V, and area A and distance d is given by
The estimates for the areas from this method are listed in the fourth column of Table I . These values are equivalent to 10-14 nm diam circular areas. These values are in good agreement with the tip apex radii given by the manufacturer ͑5-10 nm͒. All values in Table I were obtained using a dielectric constant of ⑀ϭ1 ͑vacuum͒ and a distance dϭ1.0 nm. We believe ⑀ϭ1 is a good approximation since it seems, from the similarity of our I(V) curves to those presented by Youngquist and Baldeschwieler 28 ͑which were measured under ultrahigh vacuum conditions͒, that the tunneling still occurs through a vacuum gap despite the ambient conditions. The value for d represents the estimate for the distance needed to prevent significant conductivity across the cantilever-sample junction. We think that to retract the tip, it first needs to overcome the capillary forces while the cantilever and sample are in electrical contact, preventing significant charge build up at the interface. Then, when the spring force in the cantilever exceeds the capillary forces, the tip and sample become separated, resulting in a capacitor-like charging of the facing areas since the conductivity across the gap decreases many orders of magnitude to near zero. Since the usual assumptions for tunneling distances in STM range from about 0.4-1.0 nm, we estimated that the necessary separation between the tip and sample should be at least 1.0 nm to allow the full development of the Coulomb force. The values for the charge density derived from Table I range from about one-quarter of an elementary charge (e) to slightly below 1e ͑at Ϫ15 V͒. Since the dopant related localized charges should also be about 1e, it becomes clear that the presence of a dopant atom is a significant disturbance of the charge density at such an interface, especially at the low voltages ͑Ͻ3 V͒ usually used in STM experiments. The change in the estimated areas at different biases probably reflects geometric effects and bias dependent changes in the cantilever-sample distance while still in close proximity. However, we believe that the assumptions made above are justified in order to obtain a qualitative estimate for the Coulomb forces involved.
IV. CONCLUSIONS
We investigated the influence of Coulomb forces on the scanning tunneling microscopy imaging of dopant sites on semiconductor surfaces by performing STM measurements at different bias voltages. The images obtained show a dependence of the apparent heights of the dopant sites on the tunneling bias. The heights of the dopant related protrusions is in the nm range, ruling out an explanation based solely on the local density of states and band bending effects. Instead, we assumed that mechanical deformations of the surface due to bias induced Coulomb forces are responsible for the observed effects. This conclusion is also supported by current imaging tunneling spectroscopy measurements, which show only minor changes in the LDOS at dopant sites. In order to investigate the effects imposed by Coulomb forces, we performed additional measurements with tapping mode atomic force microscopy under applied dc biases. These measurements showed a strong influence of the applied bias on the measured topography. By measuring force curves with varying biases, the acting Coulomb forces could be measured allowing the estimation of the charge densities on the cantilever and sample during measurement. It showed that the charge density is in the range of one elemetary charge per nm 2 or less, supporting the theory that the presence of localized dopant charges can strongly alter the forces between the tip and sample in STM measurements.
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